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What did we learn about 
neutrinos from Planck?



Planck: the CMB satellite mission  
was launched in 2009

COBE WMAP Planck

⇠ 0.3�

⇠ 7�

⇠ 0.1�1 degree

.. the first cosmological results came out in March 2013
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Planck observes the full CMB sky 
at ~ 0.1 degree angular resolution
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The CMB power spectrum from 
Planck shows seven acoustic peaks. 

Temperature (TT) 
 power spectrum
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To obtain CMB-only cosmological 
constraints Planck needs to use:

Polarization to constrain optical depth of 
reionization:

Higher resolution power spectrum to 
constrain foregrounds:

Low multipole polarization spectra from
 WMAP 9 year observations (WP) .

High multipole spectra from the Atacama 
Cosmology Telescope (ACT) and the South Pole 

Telescope (SPT) ( highL)  Most constraints come from:
Planck + WP + highL 
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High resolution spectra help 
constrain foreground contamination

500 - 10,000

2 - 2500

Planck
SPT 

(Story et al. 2013, 
Reichardt et al. 2012)

ACT
(Das et al. 2013)Most constraints come from:

Planck + WP + highL 
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How does the CMB probe neutrino 
physics?

CMB  is mainly sensitive to: 
X

m⌫

Ne↵

Total mass in neutrinos

Effective number of 
relativistic species in the 
early universe (3.046 if only 
3 neutrinos)
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Total mass in neutrinos affect the CMB 
power spectrum in mainly two ways:

1. Early/Late 
Integrated 
Sachs-Wolfe 
(ISW)  Effect 

When neutrinos become non-relativistic, they reduce 
the time variation of the gravitational potential inside 
the Hubble radius. This affects the photon 
temperature through the early ISW effect and leads to 
a depletion in the temperature spectrum on multipoles 
20 < l < 500.   

The late ISW effect happens due to decay of 
potentials due to accelerated expansion in recent past 
(5< l < 50). Massive neutrinos contribute to the total 
matter density and shifts the balance between dark 
energy density and matter density.

P
m⌫ > 0.06 eV (NH) or 0.1 eV (IH)
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Total mass in neutrinos affect the CMB 
power spectrum in mainly two ways:P

m⌫ > 0.06 eV (NH) or 0.1 eV (IH)

1. Early/Late 
Integrated 
Sachs-Wolfe 
(ISW)  Effect 
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Total mass in neutrinos affect the CMB 
power spectrum in mainly two ways:P

m⌫ > 0.06 eV (NH) or 0.1 eV (IH)

2. CMB Lensing
Intervening large-scale potentials 
deflect  CMB photons and distort the 
CMB. 

The RMS deflection is about 2.7 
arcmins, but the deflections are 
coherent on degree scales. 
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Gravitational lensing of the CMB

Intervening large-scale potentials 
deflect  CMB photons and distort the 
CMB. 

The RMS deflection is 
about 2.7 arcmins, but the 
deflections are coherent 
on degree scales. 
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Gravitational lensing of the CMB

Intervening large-scale potentials 
deflect  CMB photons and distort the 
CMB. 

The RMS deflection is 
about 2.7 arcmins, but the 
deflections are coherent 
on degree scales. 

 Left: dark matter clustering with zero neutrino mass, right: same 
with sum of three neutrino masses equal to 250000th that of the 
electron. Massive neutrinos make structure in the universe more 
blurry. From Agarwal and Feldmann (2012)
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Total mass in neutrinos affect the CMB 
power spectrum in mainly two ways:P

m⌫ > 0.06 eV (NH) or 0.1 eV (IH)

2. CMB Lensing

Unlensed

Lensed

Lensing smears 
acoustic peaks. 
Higher neutrino 
mass ->  less 
amplitude of matter 
fluctuations -> less 
lensing -> less 
smearing
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Total mass in neutrinos affect the CMB 
power spectrum in mainly two ways:P

m⌫ > 0.06 eV (NH) or 0.1 eV (IH)

1. ISW 

2. LENSING

Most of Planck’s 
power in 
constraining 
neutrino mass 
comes from 
lensing.
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Constraint from the CMB power 
spectrum alone, and CMB + BAO 

Apart from its impact on the early-ISW effect and lensing potential, the total 
neutrino mass affects the angular-diameter distance to last scattering, and 
can be constrained through the angular scale of the first acoustic peak. 
However, this is degenerate with dark energy density.  Low redshift 
measurements of angular diameter distance through Baryon Acoustic 
Oscillations (BAO) alleviates this degeneracy and gives  a tighter constraint:

CMB  ALONE

CMB + BAO
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Constraining Neff — the effective number 
of relativistic particles. 

The energy density in neutrino-like relativistic particles 
in the early universe can be parameterized as: 

where Neff is 3.046 in the standard picture where the only 
relativistic particles are 3 species of neutrinos. 

Recently, there has been some mild preference for Neff > 3.046 
from recent CMB anisotropy measurements (Komatsu et al. 2011; 
Dunkley et al. 2011; Keisler et al. 2011; Archidiacono et al. 2011; 
Smith et al. 2011, Hinshaw et al. 2012; Hou et al. 2012).
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Increasing Neff while keeping the position 
and height of the first CMB peak fixed 
leads to increased damping on small scales 

Dunkley et al. (2010)
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Planck’s measurements of the high order 
peaks lets us constrain Neff. 

CMB  ALONE

CMB  + BAO
Increasing Neff at fixed θ∗ and z_eq 
necessarily raises the expansion rate at low 
redshifts. Combining CMB with distance 
measurements can therefore improve 
constraints

H0 in 
tension
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The effects of Neff and mass are distinct enough 
on the CMB that they can be jointly constrained. 

(assumes degenerate eigenstates, and extra species as 
massless)

CMB  ALONE

CMB  + BAO
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CMB, Neutrinos and Big Bang Nucleosynthesis

(assumes Y_p determined from Neff and w_b using BBN 
consistency relation). 

Combined

Add observed Helium and Deuterium abundances to CMB constraint:
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CMB, Neutrinos and Big Bang Nucleosynthesis
Let both Helium fraction and Neff be constrained using CMB
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Gravitational lensing of the CMB

Intervening large-scale potentials 
deflect  CMB photons and distort the 
CMB. 

The RMS deflection is 
about 2.7 arcmins, but the 
deflections are coherent 
on degree scales. 

 Left: dark matter clustering with zero neutrino mass, right: same 
with sum of three neutrino masses equal to 250000th that of the 
electron. Massive neutrinos make structure in the universe more 
blurry. From Agarwal and Feldmann (2012)
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Future:  CMB lensing from Planck polarization  + 
high resolution CMB experiments.

Power spectrum of projected matter in the universe
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Future:  CMB lensing from Planck polarization  + 
high resolution CMB experiments.

5-sig
ma

A 6-sigma 
detection from 
SPT

van Engelen et al. (2012)

ACT

Das et al. (2011)

ACT+
Das et al. (2013)
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Future:  CMB lensing from Planck polarization  + 
high resolution CMB experiments.

5-sig
ma

A 6-sigma 
detection from 
SPT

van Engelen et al. (2012)

ACT

Das et al. (2011)

ACT+
Das et al. (2013)
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WMAP7 only
Komatsu et al. 2010

Planck (pol)
Planck + highRes
�

P
m⌫ ⇠ 0.06 eV

CorE/CMBPol

Planck + high res experiments like PolarBear,  
ACTPol, SPTPol  can tightly constrain neutrino mass  
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Conclusions 

Planck + high resolution CMB experiments +  BAO 
constrains neutrino mass sum to have an upper limit of 
0.23 eV 

Planck + high resolution CMB experiments +  BAO do 
not find any strong evidence for extra relativistic 
species beyond 3 neutrinos.  

Neutrino mass sum will be strongly constrained with 
CMB lensing (and large scale structure) in near future. 


